Receptor-mediated Ca 2+ release from the endoplasmic reticulum (ER) is often followed by Ca 2+ entry through Ca 2+ -release-activated Ca 2+ (CRAC) channels in the plasma membrane [1] [2] [3] [4] [5] . RNAi screens have identified STIM1 as the putative ER Ca 2+ sensor [6] [7] [8] and CRACM1 (Orai1; [9] [10] [11] ) as the putative store-operated Ca 2+ channel. Overexpression of both proteins is required to reconstitute CRAC currents (I CRAC ; [11] [12] [13] [14] ). We show here that CRACM1 forms multimeric assemblies that bind STIM1 and that acidic residues in the transmembrane (TM) and extracellular domains of CRACM1 contribute to the ionic selectivity of the CRAC-channel pore. Replacement of the conserved glutamate in position 106 of the first TM domain of CRACM1 with glutamine (E106Q) acts as a dominantnegative protein, and substitution with aspartate (E106D) enhances Na + , Ba
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Receptor-mediated Ca 2+ release from the endoplasmic reticulum (ER) is often followed by Ca 2+ entry through Ca 2+ -release-activated Ca 2+ (CRAC) channels in the plasma membrane [1] [2] [3] [4] [5] . RNAi screens have identified STIM1 as the putative ER Ca 2+ sensor [6] [7] [8] and CRACM1 (Orai1; [9] [10] [11] ) as the putative store-operated Ca 2+ channel. Overexpression of both proteins is required to reconstitute CRAC currents (I CRAC ; [11] [12] [13] [14] ). We show here that CRACM1 forms multimeric assemblies that bind STIM1 and that acidic residues in the transmembrane (TM) and extracellular domains of CRACM1 contribute to the ionic selectivity of the CRAC-channel pore. Replacement of the conserved glutamate in position 106 of the first TM domain of CRACM1 with glutamine (E106Q) acts as a dominantnegative protein, and substitution with aspartate (E106D) enhances Na + , Ba 2+ , and Sr 2+ permeation relative to Ca 2+ . Mutating E190Q in TM3 also affects channel selectivity, suggesting that glutamate residues in both TM1 and TM3 face the lumen of the pore. Furthermore, mutating a putative Ca 2+ binding site in the first extracellular loop of CRACM1 (D110/112A) enhances monovalent cation permeation, suggesting that these residues too contribute to the coordination of Ca 2+ ions to the pore. Our data provide unequivocal evidence that CRACM1 multimers form the Ca 2+ -selective CRAC-channel pore.
Results and Discussion

CRACM1
Associates with Itself to Form the CRAC-Channel Complex Both STIM1 and CRACM1 are crucial elements of storeoperated Ca 2+ entry. The STIM1 protein, containing a single membrane-spanning domain, likely senses endoplasmic reticulum (ER) Ca 2+ levels by virtue of its luminal-facing EF-hand domain [6] [7] [8] 15] and accumulates into ER puncta close to the plasma membrane in response to store depletion [6-8, 15, 16] , whereas CRACM1 is proposed as the pore-forming unit of the channel itself because, reconstituted with STIM1, it results in massive Ca 2+ -release-activated Ca 2+ (CRAC) channel activation in response to store depletion [11] [12] [13] [14] . CRACM1 is a relatively small protein (301 amino acids), predicted to contain four transmembrane domains with N and C termini facing the cytosol [9, 10] . Because many ion channels multimerize to form a functional ion pore, we tested CRACM1's propensity to multimerize by co-overexpressing two differently tagged versions of the protein in HEK293 cells and performing reciprocal coimmunoprecipitation experiments followed by immunoblotting with the relevant anti-tag antibodies. Figure 1A illustrates that each tagged version of CRACM1 coimmunoprecipitates with the other, indicating that CRACM1 indeed multimerizes with itself. Because STIM1 moves to the plasma membrane after store depletion, it might interact with CRACM1. We tested this with differently tagged CRACM1 and STIM1 cooverexpressed in HEK293 cells and subjected to reciprocal immunoprecipitation followed by immunoblotting with the relevant anti-tag antibodies. As shown in Figure 1B , both proteins coimmunoprecipitated, suggesting that they bind to each other. CRAC channels are highly selective for Ca 2+ ions [1, 2] [2] . Previous work on voltage-gated Ca 2+ channels has elucidated the structural basis for their Ca 2+ selectivity and identified transmembrane glutamate residues in the S5-S6 linker regions as crucial structural features of the ion-conducting pore [18, 19] . We analyzed the primary sequence of CRACM1 and identified glutamate residues E106 in TM1 and E190 in TM3, both of which are highly conserved for CRACM1 and its homologs CRACM2 and CRACM3 (Orai2 and Orai3) as well as across several species (see Figure 1C ). In addition, the first extracellular loop, linking TM1 and TM2 domains, contains several negatively charged aspartate residues (D110, D112, and D114) that could potentially be part of a Ca 2+ binding site. We constructed several CRACM1 mutants in which we modified these residues to test for their possible involvement in forming the pore of the CRAC channel and conferring the high specificity for Ca 2+ . Coimmunoprecipitation confirmed that these mutant proteins retain the capacity to multimerize ( Figure 1D ), and confocal microscopy revealed proper targeting to the plasma membrane ( Figure 1E ). We then overexpressed these mutant proteins in HEK293 cells that stably overexpress STIM1 and analyzed them electrophysiologically by whole-cell patchclamp recordings in which we induced CRAC currents by IP 3 -mediated Ca 2+ store depletion.
Transmembrane Domains 1 and 3 of CRACM1 Form the Ca
2+
-Selective Ion-Channel Pore We first generated a point mutant of CRACM1 in which the glutamate in TM1 at position 106 was changed to a glutamine residue (E106Q). When transfected into STIM1-overexpressing HEK293 cells, this mutant inhibited thapsigargin-induced Ca 2+ influx in fura-2 fluorescence measurements (data not shown), and patchclamp recordings confirmed that this mutant not only failed to produce large CRAC currents as did the wildtype CRACM1 (Figures 2A and 2B ), but also caused a complete suppression of the small endogenous CRAC currents (w0.5 pA/pF) typically seen in STIM1-overexpressing cells or untransfected HEK293 cells [10, 13] . Even exposure to divalent-free solution, which in wildtype CRACM1 generates large monovalent currents [13] , failed to produce sizeable inward currents (Figure 2A) . Given that the mutation did not affect the capacity of CRACM1 to multimerize ( Figure 1D ) or its transport to the plasma membrane ( Figure 1E ), this result suggests that the E106Q mutant acts as a dominant-negative protein that can form normal CRACM1 complexes and even coassemble with endogenous CRACM1, but is not able to provide a pore that would allow permeation of either Ca 2+ or Na + ions. We therefore made a charge-conserving mutation by converting the glutamate into an aspartate residue (E106D). This mutant exhibited membrane currents that activated similarly as wild-type CRACM1 after IP 3 -mediated store depletion, but were smaller on average (28 6 1 pA/pF, n = 12 versus 230 6 6 pA/pF, n = 14; cf. Figures 2A and 2C ). The selectivity of these mutated CRACM1 channels also differed markedly from that of wild-type CRACM1, converting the typically inwardly rectifying current-voltage relationship into outwardly rectifying and shifting its reversal potential from far positive voltages toward 0 mV (cf. Figures 2B and 2D) , suggesting a significant loss in Ca 2+ selectivity. The prominent outward currents developed with exactly the same time course as the inward current and are therefore likely carried by the major intracellular cation Cs + flowing through CRAC channels. Upon removal of extracellular Ca 2+ , the current reversed to inward rectification as a result of a massive increase of inward current and a slight increase in outward current. It should be noted that these effects were obtained by a simple removal of Ca 2+ while the presence of 2 mM Mg 2+ was maintained, which normally prevents any monovalent inward or outward currents through wild-type CRACM1 channels. The large increase in inward current upon removal of Ca 2+ suggests that the channel still conducts Ca 2+ ions inwardly when Ca 2+ ions are present and precludes massive Na + flux. We confirmed this by (Figures 2C and 2D) , where the remaining inward current is carried by Ca 2+ ions and the outward current by the predominant intracellular Cs + ions. Additional ion-substitution experiments confirmed that the modified selectivity of this mutant is not limited to monovalent cations, but also affects the relative permeability of Ba 2+ ions. Figures 2E and 2F illustrate that the equimolar substitution of Ca 2+ by Ba 2+ causes only a small decrease in inward current, a result that is in marked contrast to the wild-type CRACM1 channel, where the same ion substitution reduces inward currents by w90%. Thus, the E106D mutant has a significantly increased Ba 2+ permeation compared to the wild-type. Together, these results suggest that the E106 residue is a crucial structural element that confers the CRAC channel's high Ca 2+ selectivity und unequivocally demonstrates that CRACM1 indeed represents the poreforming subunit of the CRAC channel. In addition, it seems plausible to suggest that the E106 residues of several CRACM1 subunits may form a concentric ring of negative charges lining the channel pore to form the selectivity filter and favor Ca 2+ ions over all other cations. However, in voltage-gated Ca 2+ channels, it is found that four glutamate residues in equivalent positions of each of the four repeats I-IV interact to allow the binding of two Ca 2+ ions in close proximity [19] . Hence, the CRACM1 channel may contain additional residues that contribute to Ca 2+ binding and selectivity. Sequence analysis reveals in TM3 another acidic and negatively charged residue (E190) that is equally well conserved across CRACM proteins. We constructed a mutant in which we replaced this glutamate by a glutamine residue (E190Q mutation). When transfected into STIM1-expressing HEK293 cells, we found that this mutant activated normally after IP 3 -induced store depletion and generated inward currents that were primarily carried by Ca 2+ , because removal of extracellular Ca 2+ (while maintaining 2 mM Mg 2+ ) reduced inward currents by about 70% ( Figure 2G ). The remaining Na + current is larger than in wild-type CRACM1, suggesting reduced selectivity for Ca 2+ over Na + . However, in marked contrast to the E106D mutant, inward currents did not increase. Interestingly, the outward current through the E190Q mutant was more prominent and linear than that of the E106D mutant ( Figure 2H ), suggesting that monovalent outward permeation of Cs + is significantly enhanced in this mutant. Finally, we tested the E190Q mutant for Ba 2+ permeability, which is very low in wildtype CRACM1, but significantly increased in the E106D mutant. Substitution of Ca 2+ by Ba 2+ resulted in almost complete abolition of inward current with only 5% of inward current remaining under Ba 2+ ( Figure 2G ), suggesting that the E190Q mutant retains high Ca 2+ selectivity over Ba 2+ similar to wild-type CRACM1. Together, these results suggest that both glutamates in position 106 in TM1 and position 190 in TM3 participate in shaping the selectivity of the CRAC channel. It is therefore reasonable to conclude that both likely face the luminal side of the aqueous pore and jointly provide the necessary constraints that impose the exquisite Ca 2+ selectivity of the channel.
The First Extracellular Loop of CRACM1 Contributes to the Pore Selectivity Adjacent to the critical E106 residue, in the first extracellular loop of CRACM1, there are three closely spaced aspartate residues (D110/112/114) that may participate in coordinating the binding of Ca 2+ at the outer mouth of the channel. We generated a double mutant in this region by changing the most conserved negatively charged aspartate residues at positions 110 and 112 into alanines (D110/112A mutation). The predominant plasma-membrane localization of this mutant and its multimerization potential were comparable to those of wild-type CRACM1 ( Figure 1D and 1E) . The CRAC currents generated by the D110/112A mutant activated with a similar time course as those produced by the wild-type channel ( Figure 3A) . The inward currents of both constructs at 280 mV also were quite similar; however, the mutant showed a distinctive and much larger outward current at +130 mV than the wild-type channel. The current-voltage relationships of the wild-type and mutant constructs illustrate these features in more detail ( Figure 3C) . Thus, at negative voltages, both constructs exhibit similar inwardly rectifying currents, whereas at voltages more positive than +80 mV, the D110/112A mutant passes a significantly larger amount of outward current. Figure 3A also demonstrates that the inward currents of both wild-type and mutant channels remained largely unaffected when extracellular Na + was removed by replacing it with TEA + and maintaining 10 mM Ca 2+ as the only charge carrier. This suggests that both channel constructs retain high selectivity for Ca 2+ over Na + influx when 10 mM Ca 2+ is present extracellularly. However, because outward movement of monovalent cations was enhanced in the D110/112A mutant, we tested whether monovalent inward currents might be enhanced at low extracellular Ca 2+ . We assessed this by ion-substitution experiments in which we removed extracellular Ca 2+ . When Ca 2+ is removed, while 130 mM Na + and 2 mM Mg 2+ are retained, the wild-type CRAC current is essentially abolished (Figure 3B ), demonstrating that the remaining Mg 2+ completely prevents monovalent Na + permeation. In contrast, the inhibition of the inward current by the D110/112A mutant is not as complete, suggesting that the absence of Ca 2+ allows for more Na + permeation than in the wild-type. The remaining Na + inward current could then be blocked completely when replacing extracellular Na + by TEA + ( Figure 3B ). Additional experiments revealed that the D110/112A mutant also allows limited permeation of K + ions, but negligible permeation of Cs + in the inward direction ( Figure 3D ). These results suggest that the aspartate residues in the loop between TM domains 1 and 2 contribute to the selectivity profile of CRACM1 channels, presumably by coordinating Ca 2+ binding to the outer mouth of the channel and thereby contributing to the discrimination of Ca 2+ ions against monovalent cations. On the basis of the above results, one would expect the D110/112A mutant to modify the interplay of divalent and monovalent permeation, which in the wild-type CRAC channel manifests itself in a dose-response curve for extracellular Ca 2+ with a characteristic anomalous mole-fraction behavior ( Figure 3F ). Thus, in the complete absence of extracellular divalent ions (nominally divalent-free solution + 10 mM EDTA), CRAC channels allow significant Na + permeation. However, exposing cells to just nominally divalent-free solutions without EDTA (free Ca 2+ and Mg 2+ estimated at w1 mM) or adding 10 mM Ca 2+ virtually eliminates inward currents in wildtype CRACM1 channels ( Figure 3E ). As Ca 2+ is increased into the millimolar range, CRAC currents increase again as a result of selective Ca 2+ permeation. The inhibitory effect of low Ca 2+ concentrations on Na + permeation could be mediated by the binding of Ca 2+ to the aspartate residues in the first extracellular loop. Indeed, the D110/112A mutant produces significant inward currents even when 10 mM Ca 2+ is present extracellularly (Figure 3E) , changing the anomalous mole-fraction behavior of CRAC channels ( Figure 3F ). At higher concentrations of Ca 2+ , the current again behaves similar to the wildtype and becomes Ca 2+ selective. Finally, we tested whether this mutant also affects selectivity among divalent cations. When extracellular Ca 2+ is replaced by equimolar Ba 2+ or Sr 2+ , wild-type CRACM1 currents are significantly smaller than those carried by Ca 2+ , amounting to <10% ( Figure 3G ). Figure 3H shows that the D110/ 112A mutant produced only marginally increased Ba 2+ and Sr 2+ currents, indicating that the mutant largely retains relative selectivity for divalent cations. The bar graph in Figure 3I summarizes the relative magnitude of inward current carried by divalent and monovalent cations in wild-type and D110/112A CRACM1 channels, demonstrating similar divalent permeation, but significantly increased permeation of Na + in particular. The present results, summarized by the hypothetical schematic in Figure 4 , would be consistent with a scenario that is analogous to voltage-gated Ca 2+ channels, in that multiple acidic and negatively charged glutamate and aspartate residues interact to coordinate the binding of Ca 2+ to the outer mouth of the CRAC channel, thereby providing the molecular basis for its high Ca 2+ selectivity. This notion would also be consistent with the possible binding of one Ca 2+ ion in the vicinity of the E106 and E190 residues and a second Ca 2+ ion that is coordinated by the aspartates in the extracellular loop. Multiple Ca 2+ binding sites would then be responsible for both discrimination against other cation species and electrostatic repulsion that moves Ca 2+ ions through the pore in singlefile manner. Multiple Ca 2+ -ion occupancy of the channel could also account, at least in part, for the behavior of outward currents in the mutants. Thus, the occupancy of the wild-type channel pore by two Ca 2+ ions may present too much of a barrier for the outward movement of cations, whereas partial removal of Ca 2+ binding sites by the mutant channels may enable significant outward fluxes of monovalent cations.
Taken together, the results of the present study demonstrate that the CRACM1 protein forms multimeric ion-channel complexes in the plasma membrane, where they can be activated after Ca 2+ store depletion, presumably by interacting with STIM1. The channel pore of CRACM1 is highly selective for Ca 2+ ions because of the presence of critical glutamate residues in TM1 and TM3 (E106 and E190) as well as aspartate residues (D110 and D112) within a Ca 2+ binding motif located in the extracellular loop that connects TM1 and TM2. Mutations of either of these critical residues alter the CRACchannel selectivity by enhancing monovalent cation permeation relative to Ca 2+ , providing unambiguous evidence that CRACM1 harbors the CRAC-channel pore. The schematic summarizes our experimental observations, depicting three CRACM1 molecules within a multimeric assembly, whose exact unit number remains to be established. Because glutamate residues E106 in TM1 and E190 in TM3 affect ion selectivity, both likely face the lumen of the pore. This could be achieved by an N shaped geometry of the four TM domains so that TM domains 1 and 3 become neighbors, each providing slightly asymmetric orientations of glutamate pairs. Together, the multimers can form a ring of negative charges that provides a high-affinity binding site for one Ca 2+ ion. The aspartate residues in the loop between TM1 and TM2 might create a second high-affinity Ca 2+ binding site that, when occupied with Ca 2+ , could provide electrostatic potential for moving the glutamate-bound Ca 2+ ion through the pore.
